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Changes in the secondary structure of cytochrome c on immersion in methanol were monitored 
using circular dichroism. These changes occurred immediately in methanol, upon re-immersion in 
aqueous buffer, the secondary structure was restored in ca. 45 min. This method enables the 
secondary structure of proteins in non-aqueous solvents to be monitored in real time.10 
Introduction 
The application of enzymes in biocatalysis and biosensors in 
aqueous systems is well established. However, many 
applications require that enzymes function in non-aqueous 
environments. For example, organic synthesis is performed 15 
mainly in organic solvents.  Enzymes can catalyse reactions in 
non-aqueous media 1 and can be used in synthetic reactions.2 
The use of enzymes in such media can have a number of 
advantages including altered regio- and enatioselectivity: 
enhanced thermal stability 3 elimination of side reactions; 20 
increased solubility of reactants in organic phase catalysis,4 
elimination of microbial contamination; and reduction of 
interference from water-soluble compounds. In addition, 
enzymes are insoluble in organic media and may therefore be 
easily recovered and subsequently reused. Much research has 25 
been carried out in recent years to examine the properties of 
proteins in non-aqueous solvents. Significantly diminished 
rates of reaction can accompany the use of enzymes in non-
aqueous solvents.1-4 
 Immobilisation of enzymes onto solid supports is an 30 
effective approach to stabilising enzymes while also 
enhancing enzyme activity in organic media. The 
thermodynamics of reduction of immobilised redox proteins 
together with the associated electron transfer kinetics, can be 
determined in non-aqueous media.5 While immobilisation can 35 
provide enhanced stability, it can often be accompanied by 
decreases in the rates of reaction; such decreases can arise 
from conformational or diffusional restraints and/or from 
denaturation processes.6 Significant efforts have been 
devoted to understanding the electrochemical properties of 40 
redox proteins and enzymes.5 For applications such as 
biosensors and biofuel cells,7 it is desirable to have direct and 
fast electron transfer kinetics between the electrode and the 
biological component of interest.8 However, the rate of direct 
electron transfer (DET) may be inherently slow due to a range 45 
of factors including: inaccessibility of the electroactive group 
in the protein structure; adsorption of the protein in a manner 
which does not promote fast electron transfer or denaturation 
of the protein.9,10 Modified electrodes can enhance the rate of 
electron transfer, and provide the opportunity to conduct 50 
detailed thermodynamic and kinetic studies.5,11 The use of 
self-assembled monolayers (SAMs) on electrodes to promote 
electron transfer between the redox protein of interest and the 
electrode has been widely used.5,8-10,12           
 The function of haem proteins ranges from O2 transport and 55 
storage to electron transport and oxidation reactions. 
Cytochrome c (cyt c) is an electron transport protein 
comprised of a haem group and a 104 amino acid residue 
organised into a series of five -helices and six β-turns.13  Cyt 
c is one of the most extensively studied redox proteins 14 and 60 
has been widely used as a model for larger, more complex 
systems.15 The factors that influence the E°’ of haem proteins 
include the nature of the axial ligands; the polarity of the 
haem environment and the extent of haem surface exposure.16-
19 Despite numerous studies, the full range and effects of the 65 
factors that contribute to E°’ and their relative contribution 
has not yet been determined. Furthermore, there have been 
relatively few studies of the electrochemical properties of 
enzymes in organic media.  
 Adsorption of cyt c onto a TiO2 modified SnO2 electrode 70 
yielded a stable, electrochemical response with E°’ of 236 mV 
(vs. SHE). In 95% acetonitrile, an irreversible oxidation peak 
was observed at 1024 mV (vs. SHE).20 No faradaic response 
was obtained in ethanol, DMSO, propanol or formamide. In 
glycerol, a reversible response similar to that in buffer was 75 
obtained, with E°’ increasing by 7 mV with this change 
arising from enthalpic changes.21 In a range of mixed solvents, 
where the protein is still soluble (30% acetonitrile, 40% 
DMSO, 30% DMF and 50% methanol) reversible responses 
were obtained with E°’ ranging from 239 – 274 mV.22-23 80 
 Microperoxidase (MP-11) is a proteolytic fragment of cyt c 
containing the haem group and 11 amino acids. MP-11 
immobilised on a glassy carbon electrode in glycerol had E°’ 
which was 30 mV higher than in aqueous solution, an increase 
dominated by entropic changes,24 in contrast to the enthalpic 85 
control observed with cyt c. Faradaic responses were observed 
for MP-11 in acetonitrile and ethanol, with increases of 60 
and 64 mV in E°’, respectively.25 Comparison of the 
responses of MP-11 and cyt c clearly demonstrates the 
complexity of the effect of the solvent on the electrochemical 90 
properties of redox proteins. 
 The electrochemical response of other haem proteins e.g. 
myoglobin in lipid films on graphite electrodes;26 
haemoglobin and HRP in agarose films27 has been described. 
From the similarity of FTIR and UV-Vis spectra of these 95 
 2  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 
haem proteins, the authors conclude that the structures of 
these haem proteins are virtually intact within these films. 
However, UV-Vis spectra are necessary but not cannot serve 
as sufficient proof of the structural integrity of the protein. 
This is particularly the case for haem proteins where the haem 5 
group is not covalently attached to the protein matrix.28  
  Structural studies of enzymes in non-aqueous solvents 
utilising solid state NMR and FTIR have been described. 
Using solid-state NMR the structure of the active site of 
trypsin in seven non-aqueous solvents was shown to be a 10 
function of the hydrophobicity of the solvent.29 FTIR studies 
of substilin Carlsberg showed that solvent induced structural 
perturbations were observed in some solvents, such as 
acetonitrile, whereas no structural changes were observed in 
THF and dioxane.30 FTIR spectra of -chymotrypsin revealed 15 
structural perturbations that were more pronounced in organic 
solvents.31  
 NMR and FTIR however do not provide a real time probe 
of the structure of enzymes in non-aqueous solvents. Circular 
dichroism (CD) can be used to provide details of secondary 20 
structure, folding and binding properties of proteins on 
relatively fast time scales.32 A difficulty with using 
spectroscopic studies of protein structure in non-aqueous 
solvents lies in the insolubility of proteins in such media.22,23 
Immobilisation of the protein overcomes this issue. We have 25 
recently shown that immersion of immobilised cyt c in 
methanol causes a significant reversible perturbation to the 
conformation and/or orientation of the protein.33 In this study 
we describe the time frame for changes in the secondary 
structure of immobilised cyt c in organic media. CD spectra of 30 
cyt c in solution were obtained in aqueous buffer and in 
mixtures containing up to 50% methanol. A decrease in the  
-helical content was observed whereas for immobilised cyt c 
immersed in 100% methanol, an increase in the intensity of 
the -helical bands was observed. On re-immersion in 35 
aqueous buffer, the intensity of these bands decreased to the 
initial values. The time scale required was similar to that for 
the faradaic response, demonstrating that 
structural/conformational changes are responsible for the 
observed increase in E°’ of cyt c in methanol. 40 
Experimental 
 A CHI 630A potentiostat was used for electrochemical 
experiments. Au disc electrodes were purchased from IJ 
Cambria Scientific. All reagents were obtained from Sigma-
Aldrich. Horse heart cyt c (type VI) was used. Deionised 45 
water from an Elga-Stat water system was used with a 
resistivity of 18.2 MΩ.  
 Indium doped tin oxide glass (Solaronix, Switzerland) was 
purchased in 10×10 cm plates and cut to 8×40 mm pieces to 
fit into the CD cell. The electrodes were sputtered (EmiTech 50 
K550) with a thin layer of Au (6 nm) to make optically 
transparent electrodes (OTEs).34 Self-assembled monolayers 
were created by modification of Au electrodes with a 2.5 mM 
mixed SAM solution (1:1 mixture of 
HS(CH2)10COOH/HS(CH2)7)OH) for 24 h. Cyt c (oxidised 55 
form) was immobilised on to these electrodes by immersion of 
the electrodes in a 30 μM cyt c solution for 2-4 h.35-36 
 Mixed solutions of buffer and methanol were prepared on a 
(v/v) basis. Sodium chloride (0.1 M) and lithium perchlorate 
(0.1 M) were used as the supporting electrolytes in buffer and 60 
methanol solutions respectively.  
 CD spectra were obtained using an Applied PhotoPhysics 
Chirascan CD unit instrument and processed using the 
supporting LabView software. All spectra were obtained in a 
nitrogen gas atmosphere (BOC gases) using 100-QS 1 cm 65 
pathlength quartz cuvettes, over the range 190-240 nm with 
the following acquisition parameters: pathlength 10 mm, 4 sec 
per timepoint; step size and bandwidth of 1nm. As sodium 
phosphate buffer enables reliable spectra to be measured to 
185 nm without significant interference, measurements were 70 
performed in sodium phosphate buffer (10 mM), pH 7.4.32 
The concentration of cyt c was for an optimal signal was 10 
μM. In mixtures of aqueous buffer and solvent, spectra were 
obtained up to the maximum amount of solvent that may be 
dissolved before protein precipitation occurred.22 The choice 75 
of solvent is restricted by spectral properties e.g. DMSO is not 
suitable as it absorbs strongly below 240 nm.37 CD spectra 
were modelled using published algorithms.38-40   
 
Results and Discussion 80 
The electrochemical response of cyt c immobilised on SAM 
modified electrodes in aqueous buffer and methanol (97% v/v) 
has been described previously.33 On immersion of the 
electrode in methanol, a significant increase in E°’ from 234 
to 536 mV was immediately observed, with the response 85 
becoming quasi-reversible. The faradaic response of cyt c was 
restored upon re-immersion in buffer; however a much longer 
time period was required (120 min). This longer time period 
indicates that immersion of cyt c in methanol produces a 
significant, reversible change in the conformation or 90 
orientation of the protein at the electrode surface. Circular 
dichroism (CD) studies of the protein, in aqueous mixtures of 
methanol and on a gold coated transparent electrode have 
been performed to probe conformational changes of the 
protein in the presence of methanol. 95 
 A CD spectrum of ferri-cyt c in aqueous buffer is shown in 
Fig. 1. The region of the spectrum below 240 nm provides 
information on the helical and β-sheet structures.41-43 Ferri-
cyt c solutions have negative bands at 210 and 222 nm, a 
result of the n→π* amide transition. CD spectra of cyt c in the 100 
UV region (185-240 nm) show relatively intense negative 
bands near 210 and 220 nm which are attributable to the 
characteristically high -helical content of cyt c. 
 Cyt c is soluble in up to 30% acetonitrile. CD spectra of cyt 
c in 30% acetonitrile and in aqueous solution (pH 10) were 105 
similar.23 Quantitative deconvolution of UV CD spectra 
indicated that the -helical content of cyt c (at pH 10) is 
approximately 5% lower than that of native ferri cyt c. 
Similarly, the -helical content in 30% acetonitrile was 8% 
lower than that of native cyt c suggesting that the secondary 110 
structure was not significantly perturbed in mixed solvent 
media.23 Near UV CD spectra of cyt c in aqueous buffer at pH 
10 and in DMSO solutions show that the protein was almost 
insensitive to solvent composition. The protein conformation 
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was not significantly altered in 10-40% DMSO, as indicated 
by the absence of appreciable changes over the region 240-
340 nm. This is in contrast to cyt c (pH 10) where spectral 
changes were observed.44   
 Cyt c is soluble and stable in up to 50% methanol.22 On 5 
exposing the OTE to cyt c solutions containing increased 
amounts of methanol, the intensity of the -helical bands at 
210 and 222 nm decreased (Fig. 1). Similar trends were 
observed in up to 30% acetonitrile (data not shown). A 
decrease in the intensity of the -helical bands at 210 and 222 10 
nm from cyt c solution values as observed in Fig. 1 results in a 
decrease in the -helical content. The -helical content was 
calculated38 to be 44.3% in aqueous buffer, in good agreement 
with analysis of the x-ray structure of cyt c (PDB 1hrc) where 
a value of 45.2% was estimated. However, good agreement 15 
between the CD spectrum and the calculated spectrum in 
aqueous buffer was not obtained. In aqueous buffer and at 
lower levels of methanol, poor fits to the spectra were 
obtained. Better fits were obtained as the amount of methanol 
increased, with good agreement obtained in 50% methanol 20 
(Fig. S1). It is unclear why the fit improved with increasing 
amounts of methanol in solution. However, it is clear that the 
algorithms used were unable to accurately simulate the CD 
spectra.38-40  
 The CD spectra (Fig 1) clearly indicated that there was a 25 
decrease in the  -helical content of cyt c as the amount of 
methanol was increased. Assuming that the -helical content 
of the protein in solution was equivalent to that of PDB value 
(45.2%), the change in -helical content (at 222 nm) can be 
estimated as a function of methanol content (Table 1).45 30 
Increasing the amount of  methanol from 10% to 50% resulted 
in a decrease in the -helical content from 39.5% to 18.8% 
respectively. Similar estimates of helical content were 
obtained from the data at 210 nm.   
 The decrease in the intensity of the -helical bands of cyt c 35 
with increasing amounts of methanol is indicative of a loss of 
secondary structure. Cyt c in 50% methanol demonstrated a 
fast reversible electrochemical response with E°’ of 239 mV 
(vs. SHE) and a heterogeneous rate constant (ket) of 0.89 × 
102 cm s-1 (versus 2.44 × 102 cm s-1 in aqueous solution). The 40 
activiation energy, Ea,  reported in aqueous buffer and 50% 
methanol were comparable at 14.0 and 18.3 kJ mol -1 
respectively.22 While the kinetic and thermodynamic data 
indicate that the protein structure is unchanged, the CD 
spectra indicate that the structure of the protein was 45 
significantly perturbed in these solvent mixtures. The CD data 
demonstrate the importance of performing detailed 
spectroscopic characterisation of redox proteins in non-
aqueous solutions.   
 A CD spectrum of immobilised cyt c in aqueous buffer 50 
(Fig. 2) displays a double minimum at 210 and 222 nm, 
indicating the presence of -helices. CD spectra of 
immobilised cyt c (Fig. 2) were fitted using a range of 
algorithms.38-40 However, the signal from immobilised cyt c is 
much less intense than that in solution, due to the low amount 55 
of protein within the light beam. With this low signal, it was 
not possible to obtain accurate estimates of the -helical 
content of the immobilised protein. 
 CD spectra of immobilised proteins have only been utilised 
in a limited number of studies. CD has been used in 60 
combination with diffuse infrared Fourier transform (DRIFT) 
and fluorescence spectra for in situ analysis of the structure of 
enzymes immobilised onto solid particles.46-47 CD was used to 
analyse secondary and tertiary structural changes of 
immobilised subtilisin Carlsberg. Far UV CD spectra of 65 
subtilisin in aqueous solution and of immobilised subtilisin 
were similar indicating that free and immobilised subtilisin 
had similar secondary structures. Near UV CD and 
fluorescence spectra both suggested a rigid tertiary structure 
for immobilised subtilisin in aqueous buffer. After incubation 70 
in acetonitrile for 48 h, which caused a loss in catalytic 
activity, the CD spectrum was altered considerably. The 
absence/lack of the near UV CD spectrum indicated that a loss 
of tertiary structure of the enzyme had occurred. The intensity 
of the far UV CD signal was reduced which indicated that the 75 
enzyme conformation had altered from being predominantly 
-helical to mainly β sheet structure after exposure to 
acetonitrile. A shift from -helical to β-sheet structure was 
confirmed by a shift in the amide I vibration band (1658 cm -1 
to 1632 cm-1).46 80 
 A number of proteins (myoglobin, haemoglobin, lysosyme, 
chymotrypsin and glucose oxidase) were immobilised in the 
interlayer regions of -zirconium phosphate (-ZrP). CD and 
FTIR were used to demonstrate that the proteins retained their 
structure after immobilisation.48 CD and MCD were also used 85 
to monitor the rates of conformational change that attend the 
oxidation and reduction of cyt c in aqueous buffer. 
Conformational changes during the reduction step occurred 
more slowly than the oxidation step, 50 s-1 vs 10 s-1, 
respectively. 49 90 
 CD spectra of immobilised cyt c in 100% methanol (Fig. 2) 
showed there was an increase in the intensity of the -helical 
bands at 210 and 222 nm upon exposure to methanol. This 
indicated that there was a significant change in the secondary 
structure of cyt c, with the -helical content increasing. This 95 
is in contrast to the results obtained for cyt c in solutions 
containing up to 50% methanol. CD spectra of immobilised 
cyt c upon re-immersion in buffer were performed to further 
examine this structural change. When methanol was removed 
from the cell and replaced with aqueous buffer, the CD 100 
spectrum reverted to that originally obtained in buffer over a 
period of ca. 45 min (Fig. 3). Analysis of the response showed 
that the change in the CD signal followed zero order kinetics 
with rate constants (k) of 5.9 х 10 -2 and 6.6 х 10-2 mdeg min-1 
at 210 and 222 nm, respectively. By comparison, the faradaic 105 
response was restored in 120 ± 20 min, with a rate constant 
(k) of 6.2 х 10-3 pmol cm-2 min-1.33 While the time frame 
involved for the faradaic response is ca. 3 times longer than 
that that observed for the CD response, the data clearly 
indicate that immersion of cyt c in methanol produces a 110 
change in the structure of the protein. To the best of our 
knowledge, this is the first time such conformational changes 
in the structure of a protein in a non-aqueous solvent have 
been observed in real time.   
 In order to examine the effect of known denaturants on the 115 
structure of cyt c, CD spectra of immobilised cyt c were 
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obtained as function of the concentrations of urea and 
guanidine and over a range of pH. The -helical regions of the 
spectra were masked due to the high absorbance of urea and 
guanidine below 215 nm.32 CD spectra of immobilised cyt c in 
aqueous buffer over a range of pH are shown in Fig. 4. The 5 
double minima at 210 and 222 nm were observed in all 
solutions, indicating that there were no significant changes to 
the secondary structure over the pH range 3 to 7.  
 A decrease in helical content, as observed with 
increasing methanol content in solution cyt c implies a 10 
decrease in the stability of the protein in solution. While the  
CD spectrum for immobilised cyt c indicates that there was an 
increase in the -helical content, it does not necessarily 
demonstrate that the stability of the protein was increased. It 
is evident that a reversible conformational change does occur 15 
in methanol and can be detected by CD. It is not possible to 
ascertain at this stage the exact nature of the observed 
conformational/structural change for cytochrome c in 
methanol. 
 20 
Conclusions 
 CD spectra can be used to probe the secondary structure of 
cyt c in aqueous buffer and in solutions containing up to 50% 
methanol. The -helical bands (210 and 222 nm) decreased in 
intensity as the amount of methanol was increased. On 25 
immersion of an optically transparent electrode with 
immobilised cyt c in methanol, the intensity of the α-helical 
bands increased. On re-immersion in buffer, the intensity of 
the peaks decreased to the original values demonstrating that 
the conformational changes attending immersion of the 30 
protein in methanol were reversible. In addition, the time 
frame for this change was similar to that observed for the 
faradaic response, indicating that the change in E°’ for 
cytochrome c in methanol arises from coformational changes 
in the protein structure. The advantage of the approach used 35 
here is that it makes it feasible to directly probe the influence 
of solvent on the structure of a protein in real time, using 
relatively simple techniques. We are extending this approach 
to other solvents and performing a detailed analysis of the 
kinetics and thermodynamics of reduction of cytochrome c in 40 
such media.   
 
Table 1 Calculated helical content of aqueous cyt c in 
aqueous buffer, pH 7.4 and in aqueous methanol mixtures. 
 45 
      
% Methanol  Calculated helical content (%)      
0    45.2 
10%   39.5 
20%   34.5 50 
30%   30.0 
40%   25.3 
50%   18.8 
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Fig. 1 CD spectra of 10 μM cyt c in aqueous buffer,10%, 40 
20%, 30% , 40% and 50% methanol solutions. Arrow 
indicates increasing methanol content. .. 
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Fig. 2 CD spectra of immobilised cyt c on a 
HS(CH2)10COOH/HS(CH2)7)OH coated gold electrode in 
aqueous buffer (top); 100% methanol (bottom); and upon re-
immersion in aqueous buffer at t = 12, 20, 32 and 40 min. 
Arrow indicates increasing time. 60 
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Fig. 3 Plots of CD signal at 210 nm (○) and 222 nm (▲) for 
cyt c immobilised on a HS(CH2)10COOH/HS(CH2)7)OH 75 
coated gold electrode in aqueous buffer as a function of time 
after exposure to 100% methanol.   
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Fig. 4 CD spectra of cyt c immobilised on a 
HS(CH2)10COOH/HS(CH2)7)OH coated gold electrode in 
aqueous buffer at, pH 7 (―), 6 (―), 5 (―), 4 (―) and 3 (―).   
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Fig. S1 CD spectra fitted to SOMCD algorithm to determine 
secondary structure for cyt c in 50% methanol (CD spectrum 
― and calculated spectrum ―).    
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